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15
20Significant enhancement in supercapacitor performance was achieved via the synthesis of
nanocrystalline RuO2 on vertically aligned Few Layered Graphene (FLG) nanoflakes, synthesized on
bare n-type heavily doped silicon substrates by microwave plasma chemical vapour deposition. The
RuO2 nanoparticles (diameter <2 nm) were deposited using a combination of low base pressure radio
frequency magnetron sputtering and subsequent electrochemical cycling in acidic media. The well-
dispersed RuO2 nanoparticles on FLGs achieve a specific capacitance of the order of 650 F g
1. The
specific capacitance of RuO2–FLGs is significantly higher than pristine sputtered RuO2 (320 F g1)
and FLGs (6 F g1) indicative of the synergistic effect between the FLGs and RuO2. In addition, the
fabricated RuO2–FLG supercapacitors show excellent cycling capability with approximately 70%
retention of initial specific capacitance over 4000 cycles at high charging–discharging rates of 500 mV
s1. The superior electrochemical performance is attributed to the good electronic conductivity of the
FLGs as well as high utilization of well-dispersed RuO2 nanoparticles on FLGs.3
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The need for clean energy potentially requires not only clean
energy production devices such as fuel cells, but also electric
charge/power storage devices such as supercapacitors. Electro-
chemical capacitors or supercapacitors have attracted huge
attention as power sources, power storage units and as starting
power for fuel cells due to their capability to generate high-pulse
power density.1–3 The supercapacitors ideally should have a high
energy density of 1–100 Wh kg1, a power density of the order of
103 to 105 W kg1 and a long cycling life (>100 000 cycles) and
should be able to store and release energy rapidly and revers-
ibly.1–3Depending upon their mechanism, supercapacitors can be
classified into two categories: Electrochemical Double Layer
Capacitors (EDLCs) and pseudo-capacitors or redox capaci-
tors.1–3 The EDLCs work on the principle of electrostatic charge
storage using reversible adsorption of electrolyte ions onto
electrochemically stable high surface area active materials
(usually carbon and carbon based nanomaterials).3–5 The
polarization at the electrode–electrolyte interface introduces
a charge separation, thereby leading to the formation of the
double layer capacitance.1 However, EDLCs suffer from a low
specific energy density as well as a low specific capacitance of theaNanotechnology and Integrated Bioengineering Centre (NIBEC),
University of Ulster at Jordanstown, Shore Road, Newtownabbey BT37
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50order of a few tens/hundreds of Farads per gram (F g1) in the
case of mesoporous carbon, carbon nanotube and graphene
based electrodes.4 Graphene is suitable for implementation in
electrochemical applications due to its high electrical conduc-
tivity, large surface area, and fast electron transfer and charge
carrier rates.2 The potential use of graphene as a supercapacitor
material has been reported widely with varying results from
40 F g1 to 250 F g1.6,7Other studies by Vivekchand et al.8 and
Wang et al.9 have reported values of 75 F g1 and 205 F g1,
respectively. These values are larger than those reported for
single walled carbon nanotubes (64 F g1) and multiwalled
carbon nanotubes (14 F g1).2
In the case of redox or pseudo-capacitors the use of certain
metal oxides such as NiO2,
9 MnO2,
10 RuO2
11–13 and even certain
conducting polymers like polyaniline (PANI)14 provides high
values of capacitance via fast Faradic reactions occurring at or
near the solid electrode surface. The interest in pseudo-capaci-
tors arises from the higher value of capacitance and energy
density obtained as compared to the EDLCs. Also, the theo-
retical capacitance for materials like RuO2 is of the order of
2000 F g1, which is substantially higher than the EDLCs.4,11 In
the case of pseudo-capacitors, reversible redox processes take
place on the surface in which the valence electrons of the electro-
active material such as RuO2 are transferred across the elec-
trode–electrolyte interface, which is dependent on the applied
potential window.4,11 For pseudo-capacitors, RuO2 in acidic
electrolyte is the most studied material owing to its high
conductivity as well as access to various oxidation states within
a 1.2 V potential window.4,11 RuO2 being highly electron con-
ducting, the screening length is below 1 nm which results in31226C
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55a high capacitance value.15,16 Apart from this, RuO2 combines
numerous attractive properties which enables its use in electro-
chemical supercapacitors, including (i) reasonable electronic
conductivity (1 S cm1), (ii) comparable protonic conductivity to
Nafion (1 mS cm1) and (iii) high chemical stability.4,11,13,15–17 In
pseudo-capacitors several types of Faradic processes can happen
on the surface of the electrode such as: (i) reversible surface
adsorption of protons from the electrolyte, (ii) redox reactions
involving ions from the electrolyte, and (iii) reversible doping
processes in the case of conducting polymers such as PANI.4 In
the case of metal oxide based pseudo-capacitors only the first
two processes are valid and both of them are primarily surface
reactions. The mechanism of charge storage in RuO2 is domi-
nated by a coupled electron–proton transfer process. The elec-
trochemical process involves a reversible change in the valency
state of RuO2 via an exchange of protons with the solution, as
shown in eqn (1):4,11,15
RuO2 + dH
+ + de/ RuO2d(OH)d (0 # d # 2) (1)
This surface reaction is reversible and as mentioned previously
can take place over a 1.2 V potential window. As is the case with
all the surface reactions, they are highly dependent on the surface
area of the electrode and the electrocatalytic material. Apart
from the redox reactions occurring on the surface, a certain
contribution from the double layer capacitance is also observed.
This is invariably dependent on the electrochemically accessible
interfacial area between the electrolyte–electrode surfaces. In
a typical pseudo-capacitive system 5–10% contribution from the
double layer capacitance is observed.4 It has now been firmly
established that, as compared to their bulk counterparts, nano-
materials inherently exhibit higher electro-catalytic activities
owing to their small particle size, high surface to volume ratio
and higher surface energy.1–4 In the case of RuO2 electrodes for
energy applications, it has been regularly observed that a coag-
ulation of the active material occurs due to their high surface
energy. This invariably leads to an under-utilization of the active
material leading to a loss of material performance. Thus, it is
highly desirable that the active material is dispersed uniformly
with good adherence to the underlying support material.18,19
Previous reports by Ye et al.18 and Fang et al.19 have shown
a significant enhancement in supercapacitive behaviour of RuO2
sputtered multiwalled carbon nanotubes (MWCNTs). Similarly,
via a synergistic effect of graphene sheets, a high value of
capacitance was observed on chemically anchored RuO2 nano-
particles on graphene sheets.20
We have recently reported on the synthesis of vertically aligned
Few Layered Graphene (FLG) nanoflakes using a Microwave
Plasma Enhanced Chemical Vapour Deposition (MPECVD)
technique.21–23 The FLG nanoflakes are essentially vertically
stacked two-dimensional graphene sheets growing from the
underlying substrate terminating into open graphitic edge planes
and sheets on top. Previous characterizations including electron
microscopy, X-ray diffraction and Raman spectroscopy have
conclusively proved that the synthesized structures are made up
of highly graphitized sheets with terminal 1–3 graphene layers on
the flake edges.21–23 In the present work, RuO2–FLG arrayed
nanocomposites were prepared using a combination of radio
frequency (RF) magnetron sputtering and electrochemicalART  C2JM
2 | J. Mater. Chem., 2012, xx, 1–8cycling in acidic media. These robust FLGs with a large, elec-
trochemically accessible surface area and high electronic
conductivity provide an ideal support for the formation of well
dispersed and ultrafine RuO2 nanoparticles.
Experimental
The synthesis of FLGs was carried out in a SEKI MPECVD
deposition system, equipped with a 1.5 kW, 2.45 GHz micro-
wave source. The substrates used were bare n-type heavily doped
Si wafers (resistivity <0.005 U cm) (10 mm  10 mm). Prior to
growth the substrates were pre-treated with N2 plasma at 650 W
at 40 Torr while the substrate temperature was maintained at
900 C. Synthesis was then carried out using a CH4–N2 (gas flow
ratio 1 : 4) plasma at 800 W for a duration of 60 seconds. The
samples were allowed to cool down under a constant N2 flow.
The deposition conditions used are similar to those used in our
previous publications.21–23 These vertically aligned FLGs were
then subjected to sputtering of RuO2 nanoparticles without any
surface pre-treatments. The sputter deposition of RuO2 nano-
particles was performed using a Moorefield Minilab sputtering
system equipped with a 200 high purity Ru target. Sputtering was
performed under a relatively low base vacuum of the order of
3  103 mbar with a working pressure of approximately 1 
102 mbar. The RF power was fixed at 100 W while the depo-
sition time was varied from 150 s to 600 s, resulting in film
thicknesses of approximately 5 nm to 20 nm (verified using
Dektak Profilometry on bare Si surfaces sputtered simulta-
neously). The RuO2–FLG composites were then subjected to
repeated cycling in 1 M H2SO4. This procedure of sputtering at
low base pressures and further electrochemical oxidation cycling
is similar to that adapted by Fang et al. in their sputter depo-
sition of RuO2 nanoparticles on vertically aligned carbon
nanotubes.19
For material analysis, Scanning Electron microscopy (SEM)
was performed on a FEI Quanta 3D operating at 30 kV. The
High Resolution Transmission Electron Microscopy (HRTEM)
analysis was performed on a JEOL JEM-2100F operating at
80 kV, for which samples were scraped off the surface and
deposited on a 300 mesh holey carbon grid. X-ray Photoelectron
Spectroscopy (XPS) analysis was carried out on a Kratos Axis
Ultra employing an Al-Ka source (1486.6 eV). Electrochemical
analysis including cyclic voltammetry and stability measure-
ments was carried out using an Autolab PGSTAT-100 in a home-
made cell in a three-electrode setup using Ag/AgCl, Pt wire and
RuO2–FLG as reference, counter and working electrodes,
respectively. It should be noted that for the electrochemical
testing, the samples were still attached to the underlying heavily
doped Si wafer and no other additive or binder was used. The
electrolyte used was 1 M H2SO4 and the exposed geometrical
area was 0.0706 cm2 for all the electrodes.
Results and discussion
Microstructure of FLGs and RuO2–FLGs
The cross-sectional SEM images of pristine and RuO2–FLGs are
shown in Fig. 1(a) and (b), respectively. The RuO2–FLG nano-
composites do not show any discernible differences in the vertical
alignment and no individual or clusters of sputter deposited31226C
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Fig. 2 Low magnification TEM image showing the presence of RuO2
nanoparticles on RuO2–FLG nanocomposites.
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limit of the SEM. The high resolution TEM image of pristine
FLGs, shown in Fig. 1(c), confirms the few layered nature of
graphene flakes. The fast Fourier transform of the marked area
in Fig. 1(c) is shown in Fig. 1(d) and displays a perfect hexagonal
structure (marked with a red arrow), which is a signature of high
quality graphene.24 Additionally, some weak diffraction spots
are also observed (marked with a green arrow) which can be
attributed to the presence of rotational disorder between the
overlying graphene sheets.24
Fig. 2 shows the low magnification TEM images of RuO2–
FLG nanocomposites for a nominal film deposition of 20 nm
where the nanoparticle clusters on FLGs are clearly observed. In
the HRTEM image of Fig. 3(a), the lattice fringes of underlying
FLG support can be observed along with the individual RuO2
nanoparticles. It is amply clear that most of the nanoparticles are
quite small in size (2 nm) and are well dispersed throughout the
surface of the FLGs. The Energy Dispersive X-ray (EDX)
analysis (inset of Fig. 3(a)) reveals the presence of C (carbon), O
(oxygen), Ru (ruthenium), and Cu (copper) only. The presence of
copper can be attributed to the underlying copper grid. The high-
resolution image of Fig. 3(b) shows the line profiles of lattice
fringes of both the FLG support as well as the RuO2 nano-
particles. The lattice spacing of 0.342 nm of FLGs is from the
(002) planes of carbon, whereas the lattice spacing of 0.231 nm
corresponds to the (110) plane of RuO2.
21,23,25 Due to the small
size of the particles, as compared to parallel beam conventional
TEM imaging (low beam current), it was easier to observe and
resolve RuO2 nanoparticles in Scanning Tunneling Electron
Microscopy (STEM) imaging (higher beam current) mode. The
bright/dark field STEM high resolution images of Fig. 4(a) and
(b) reveal that some of the nanoparticles are as small as 1 to
2 nm and even lower. In the dark field STEM imaging the
nanoparticles appear as bright spots whereas the FLG support
appears darker which is entirely opposite to the bright field
STEM imaging. In any case, the contrast observed in the STEM
images is due to the Z (atomic mass) contrast where larger
scattering occurs from materials with high atomic mass center.26Fig. 1 Cross-sectional SEM images of (a) pristine FLGs and (b) RuO2
sputtered FLGs. The few layered nature of FLGs is shown in the (c)
HRTEM image of pristine FLGs and (d) FFT of the marked area shown
in (c) showing a perfect hexagonal structure (marked by red arrow).
Green arrow shows the presence of weak diffraction spots due to rota-
tional disorder.
ART  C2JM
This journal is ª The Royal Society of Chemistry 2012Thus, from the electron microscopy analysis, it can be concluded
that a uniform dispersion of the RuO2 nanoparticles has been
obtained using the magnetron sputtering method. Also, the
adhesion of the particles on the flakes is very strong as the
samples underwent ultrasonication for preparation of TEM
grids.Fig. 3 HRTEM image of (a) RuO2 nanoparticles on FLGs showing the
presence of2 nm nanoparticles with the EDAX spectra in the inset, and
(b) line profiles of underlying FLG support and RuO2 nanoparticle.
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Fig. 4 STEM bright field and dark field images showing the presence of
nanoparticles of 1 nm on the RuO2–FLG nanocomposites.
Fig. 5 XPS core level spectra of (a) Ru 3d and C1s regions of as
prepared and post-EC of RuO2–FLGs, deconvolution of O1s spectra of
(b) as prepared and (c) post-EC of RuO2–FLGs. The increase in the
RuO2 component on EC treatment is shown in the deconvolution of Ru
3p core spectra (d) and (e).
Fig. 6 Cyclic voltammograms at various scan rates for (a) pristine FLGs
and (b) RuO2–FLG nanocomposites with a nominal 20 nm thick coating
of RuO2 films in 1 M H2SO4.
Fig. 7 Capacitance as a function of sputter time for bare RuO2 films and
RuO2–FLG nanocomposites.
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Fig. 5(a) shows the high resolution Ru 3d XPS spectra of RuO2–
FLGs, before and after the electrochemical cycling (EC) treat-
ment. The Ru 3d7/2 spectra overlap with the C 1s peak (285 eV)
arising from the underlying FLG support and cannot be indi-
vidually resolved. For as prepared RuO2–FLGs, the Ru 3d
5/2Table 1 Peak positions and their respective assignments from deconvolut
component upon EC treatment can be clearly observed
Orbital/spin Peak position (eV) Peak assig
3p3/2 462.4  0.4 Ru0
3p1/2 485  0.3
3p3/2 465.5  0.5 Ru(IV) Ru
3p1/2 487  0.5
3p3/2 468  1.0 Ru(VI) Ru
3p1/2 493  1.5
ART  C2JM
4 | J. Mater. Chem., 2012, xx, 1–8peak occurs at 280.85 eV. Previous reports from various groups
have observed that for metallic Ru, the Ru 3d5/2 occurs at 280.1
eV, while upon subsequent oxidation, a movement towards
higher binding energy is observed.27–30 For pristine RuO2 films,
the literature reports that the Ru 3d5/2 peak is observed at
281 eV.27–30 The presence of a photoelectron peak at 280.85 eV
in our case is suggestive of a composite Ru–RuO2 structure with
both the components present.19,27–30 The O 1s spectra shown inion of high resolution Ru 3p XPS spectra. The increase in the RuO2
nment (species)
Area under peak (%)
As deposited Post-EC
47.14 28.24
27.26 15.62
O2 9.76 28.31
3.50 22.89
O2$xH2O 6.83 2.99
5.51 1.95
31226C
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Fig. 8 Cycle lifetime of RuO2–FLG nanocomposites tested for 4000
cycles at a scan rate of 500 mV s1 in 1 M H2SO4. The inset shows the
charging–discharging characteristics of pristine FLGs, bare RuO2 films
and RuO2–FLG nanocomposites.
Fig. 9 Schematic of charge storage in RuO2 nanoparticles and fast
electron transfer on the FLG backbone leading to enhancement of
capacitance of RuO2–FLG nanocomposites.
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55Fig. 5(b) and (c) further confirm the incorporation of oxygen in
the Ru lattice during the sputtering process carried out at low
base pressures and subsequent exposure to the ambient envi-
ronment.19,27–30 The deconvolution of O 1s spectra using multiple
Gaussian peaks shows the presence of the Ru–O component
(531 eV) arising from incorporation of oxygen into the ruthe-
nium lattice along with the H–O component (532 eV) arising
from adsorbed oxygen by exposure to the ambient environ-
ment.19,31,32 Upon electrochemical cycling in 1 M H2SO4 solu-
tion, the high resolution XPS spectra of Ru 3d and O 1s regions
show further changes indicative of oxidation of Ru–RuO2
composite nanoparticles to largely RuO2 nanoparticles. The Ru
3d5/2 peak upon EC treatment shifts by 0.55 eV towards higher
binding energy accompanied by an increase in the Ru–O
component in the O 1s spectra.19,31,32 The high resolution scans ofART  C2JM
This journal is ª The Royal Society of Chemistry 2012the Ru 3p region for both as-deposited and post-EC treatment
are shown in Fig. 5(d) and (e). The deconvolution of the Ru 3p
region of as deposited Ru–RuO2 nanoparticles shows the pres-
ence of Ru and RuO2 components.
31–33 This is in agreement with
the results obtained from the Ru 3d region where a shift towards
higher binding energy was observed for as deposited Ru–RuO2
nanoparticles on FLGs. The peak positions and relative
concentrations of the Ru species for both as-deposited and post-
EC treatment are shown in Table 1. The Ru 3d spectra of EC
treated samples (Fig. 5(e)) show a much higher content of RuO2
as compared to the as deposited samples (Table 1), thus con-
firming the oxidation of Ru–RuO2 nanoparticles to a largely
RuO2 phase. Thus, by using a combination of low base pressure
deposition and electrochemical cycling the Ru–RuO2 nano-
particles deposited on FLGs can be oxidized to predominantly
RuO2 nanoparticles.Electrochemical studies
Before studying the pseudo-capacitive behaviour of the RuO2–
FLG nanocomposites, it is necessary to understand the double
layer capacitive behaviour of the underlying FLG electrodes
themselves. Fig. 6(a) shows the typical voltammetric response of
the pristine FLGs cycled from 0 to 0.9 V (vs. Ag/AgCl electrode)
at different scan rates from 10 mV s1 to 500 mV s1 in 1 M
H2SO4. It can be clearly observed that the scans are mostly
featureless within the potential range except for a redox peak
observed near 0.4 V which has been previously attributed to
charge transfer reaction at the surface quinone/hydroquinone
groups.34,35 The presence of these groups could be ascribed to the
repeated EC in acidic media (1MH2SO4).
34,35 The capacitance of
the films was calculated from the cyclic voltammetry (CV) curves
using the equation C ¼ I/(n  m), where C is the specific
capacitance, I is the current, n is the scan rate andm is the mass of
the active material.4,7 Clearly, for pristine FLGs the extremely
small area under the current–potential curves is suggestive of low
specific capacitance (Fig. 6(a)). Invariably, for pristine FLGs
a maximum value of 0.35 mF cm2 is obtained corresponding
to a capacitive value of6 F g1. It should be noted here that for
both two-electrode and three-electrode configurations a similar
value of 6 F g1 was obtained. This value is significantly lower
than those obtained for SWCNTs and MWNTs which are of the
order of 64 and 14 F g1, respectively.2 Previous studies by
various groups have reported a specific capacitance of the gra-
phene of the order of 40 to 250 F g1.6,7
In order to study the effect of different loading values of RuO2
on capacitive behaviour of the RuO2–FLG nanocomposites,
thicknesses of 5 nm to 20 nm were deposited on the FLGs. In the
case of RuO2–FLG nanocomposites, a much higher electro-
chemical response current is observed as shown in Fig. 6(b). A
storage density of nearly 20 mF cm2 and a corresponding mass
normalized density of 650 F g1 were calculated for the sample. It
should be noted that a nominal 20 nm RuO2 film corresponds to
a mass loading density of 35 mg cm2. The higher capacitive
current that is observed is the result of a contribution from the
pseudo-capacitive ruthenium oxide component.11–13,36,37 As
shown in Fig. 6(b), the CV curves retain their nearly perfect
rectangular shape even at high scan rates of 500 mV s1, indic-
ative of ideal and reversible supercapacitive behaviour.19,3831226C
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an obvious increase in the capacitance is observed as shown in
Fig. 7. The RuO2–FLG nanocomposite materials consistently
show a higher capacitance than their bare RuO2 film counter-
parts by at least a factor of two. It can be clearly observed that via
the integration of RuO2 nanoparticles with FLGs a considerable
improvement in the capacitive behaviour is observed as
compared to bare RuO2 films. At 600 s sputtering time, while the
bare RuO2 films show a capacitance of the order of 320 F g
1,
RuO2–FLG nanocomposites exhibit a capacitance of nearly
648 F g1 (with a loading of 35 mg cm2). Thus, under the same
potential window a much higher capacitance response is
observed implying a higher power density for the nano-
composites. The specific capacitance of the underlying FLG
support is very low in nature and in itself should contribute very
little towards the overall capacitance of the composite system.
Since the specific capacitance of the FLGs themselves is of the
order of 6 F g1 and those of pristine RuO2 films is of the order of
320 F g1, the significant change in the specific capacitance of
RuO2–FLG nanocomposites demonstrates the synergistic effects
of FLGs and RuO2. Additionally, the maximum energy storage
density was calculated to be 57.5 W h kg1 with the corre-
sponding power density of 23 kW kg1. These results are
consistent with those observed for RuO2 dispersed carbon
nanocoils39 and RuO2 sputtered CNTs.
18,19 The advantage of
FLGs to provide a large electrically conducting surface area in
conjunction with the presence of high dispersion of RuO2
nanoparticles increases the electrochemical response leading to
a higher capacitance.
As mentioned previously, RuO2–carbon based nano-
composites are promising candidates for supercapacitors. Using
a composite of Ru and graphene, Wu et al.20 reported a specific
capacitance of 597 F g1 for 38.3 wt% loading and a value of
250 F g1 for 15 wt% loading. A value of 50 F g1 for nanoporous
RuO2 thin film was reported by Patake and Lokhande.
40 In the
case of RuO2–MWCNT nanocomposites a specific capacitance
of 138 F g1 was reported by Ramaprabhu and Reddy.41
However, using a similar approach Bi et al.42 reported a much
higher specific capacitance value of nearly 592 F g1. Using
similar techniques of RuO2 sputtered MWCNTs, Fang et al.
19
and Ye et al.18 reported values of 600 F g1 and 16.94 mF g1,
respectively. In our case, the RuO2–FLG nanocomposites show
a higher capacitance value, which can be attributed to the
multiple advantages of the FLGs including: (i) the small size of
RuO2 nanoparticles, (ii) the high electronic conductivity of the
underlying support, and (iii) the synergistic effect between the
support and the RuO2 nanoparticles.
To test the long-term stability of the supercapacitors, the
RuO2–FLG nanocomposites were cycled at 500 mV s
1 for
4000 cycles. It should be pointed out that most of the studies
done in the past report long-term stability at much lower scan
rates of 10–50 mV s1.43,44 As shown in Fig. 8, the RuO2–FLG
nanocomposites show a high stability and retain almost 70% of
their initial capacity even after 4000 charge–discharge cycles. As
compared to EDLCs, the transition metal oxide based pseudo-
capacitors usually show an inferior cycling performance.4 It has
been shown that the reduction in the performance of the pseudo-
capacitors is brought about by the agglomeration of the elec-
trocatalytic material during the electrochemical cycling.4,42 In ourART  C2JM
6 | J. Mater. Chem., 2012, xx, 1–8case, the FLGs provide a favorable surface for pinning the RuO2
nanoparticles and prevent their agglomeration. The rapid
charging–discharging characteristics are highly desirable and can
be used for high performance miniaturized capacitors fabricated
on silicon substrates. The inset of Fig. 8 shows the charging–
discharging characteristics of pristine FLGs, bare RuO2 films
and RuO2–FLG nanocomposites with an applied current of
0.1 mA resulting in a current density of 1.40 mA cm2 in 1 M
H2SO4. The specific capacitance was measured through galva-
nostatic charging–discharging characteristics. The highly
symmetrical charging–discharging characteristics indicate that
the RuO2–FLG nanocomposites have excellent capacitive char-
acteristics and strongly reversible proton intercalation into the
lattice of RuO2.
11–13,19 Additionally, the charge–discharge dura-
tion for RuO2–FLG nanocomposites is greater than that of bare
FLGs and pristine RuO2, indicating a higher specific capacitance
for RuO2–FLG nanocomposites. A specific capacitance of nearly
610 F g1 for RuO2–FLGs and 275 F g
1 for pristine RuO2 films
was calculated which compares well with those observed from
CV measurements. The metal oxide based supercapacitors
operate on the large pseudo-capacitance associated with the
surface redox processes involving proton intercalation in which
the protons from the electrolyte solution can easily permeate
through the bulk of metal oxide.4,11–13,20 Thus, the surface area of
RuO2 nanoparticles which is in contact with the electrolyte
solution and their accessibility to proton transfer will affect the
overall capacitance of the system. In fact, the high specific
resistance of RuO2 is hindered by the electrode kinetic limitations
which cause only the ‘‘surface layer’’ of RuO2 to participate in the
charge storage process, whereas the bulk remains electrochemi-
cally inactive.45,46 It has been shown in the literature that in order
to overcome this diffusion resistance of the reactant, a three-
dimensional mesoporous structure is required.45–47 In our case,
the porous structure of FLGs not only provides a large surface
area for the deposition of RuO2 nanoparticles but also facilitates
electrolyte infiltration thereby helping in ion transport to support
redox processes (Fig. 9).45–47 The direct sputter deposition of Ru
onto FLGs results in uniform and well separated RuO2 nano-
particles along the FLG surface. The strong interactions between
individual RuO2 nanoparticles with the FLG surface can help in
the efficient collection of capacitance charge from the individual
RuO2 nanoparticles along the conductive graphene backbone of
the FLGs thereby enhancing the overall performance of RuO2–
FLG nanocomposites.Conclusion
In conclusion, the inherent electrochemical capacitance of FLGs
can be significantly enhanced by the sputter deposition of
uniform nanocrystalline RuO2 nanoparticles. The acidic media
electrochemical cycling of RF sputtered Ru/RuO2–FLGs leads
to the formation of predominantly RuO2 nanoparticles on the
FLG surface as confirmed by various techniques including XPS
and EDAX. The nanoscale integration of pseudo-capacitive
RuO2 nanoparticles with FLGs leads to a high specific capaci-
tance of nearly 650 F g1 which is nearly twice the value measured
for pristine RuO2 films (320 F g1) for similar mass loadings.
Moreover, the life-time retention is nearly 70% measured over
4000 cycles at a high charge–discharge rate. The superior31226C
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1capacitive nature of the RuO2–FLGs is attributed to the uniform
distribution of RuO2 nanoparticles on FLGs and synergistic
effects between them. These results demonstrate the potential use
of RuO2–FLG for high performance energy storage systems.5
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